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Abstract

Calcineurin inhibitors (CNI) are powerful immunomodulatory agents that produce marked renal
dysfunction due in part to endothelin-1-mediated reductions in renal blood flow. Ligand-
stimulated Gq protein signaling promotes the contraction of smooth muscle cells via
phospholipase Cp-mediated stimulation of cytosolic calcium release. RGS4 is a GTPase activating
protein that promotes the deactivation of Gg and Gi family members. To investigate the role of G
protein-mediated signaling in the pathogenesis of CNI-mediated renal injury, we used mice
deficient for RGS4 (rgs4~/~). Compared to congenic wild type control animals, rgs4~'~ mice were
intolerant of the CNI, cyclosporine (CyA), rapidly developing fatal renal failure. Rgs4~/~ mice
exhibited markedly reduced renal blood flow after CyA treatment when compared to congenic
wild type control mice as measured by magnetic resonance imaging (MRI). Hypoperfusion was
reversed by coadministration of CyA with the endothelin antagonist, bosentan. The MAPK/ERK
pathway was activated by cyclosporine administration and was inhibited by cotreatment with
bosentan. These results show that endothelin-1-mediated Gq protein signaling plays a key role in
the pathogenesis of vasoconstrictive renal injury and that RGS4 antagonizes the deleterious effects
of excess endothelin receptor activation in the kidney.

Introduction

Vascular smooth muscle cells regulate renal blood flow depending on their contractile
state[1]. Extracellular ligands, such as endothelin-1 and angiotensin I, regulate vascular
tone by binding to transmembrane receptors on smooth muscle cells[2, 3]. Calcineurin
inhibitors were first demonstrated to induce renal vasoconstriction through the endothelin
receptor by Lanese and colleagues [4]. Several ligands thought to play a critical role in the
regulation of vascular tone bind to seven transmembrane receptors (STRs), also called G
protein coupled receptors (GPCRs)[5]. When endothelin-1 binds to the endothelin type A
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(ET-A) GPCR, activated Gag, finally stimulates cytosolic calcium levels to increase
promoting contraction of smooth muscle cells[6, 7]. The Gg-coupled adrenergic receptor is
also capable of phosporylating ERK1/2 in vascular smooth muscle cells[8-11]. This
signaling pathway promotes the metabolic adaptation to increased mechanical load [8, 12]

Regulator of G protein signaling (RGS) proteins are a family of GTPase activating proteins
for heterotrimeric G proteins[13, 14]. They are differentially expressed in the renal cortex
and medulla and include RGS1, RGS2, RGS4, and RGS13 [15]. RGS4 is a small RGS
protein that consists of an amino-terminal polybasic region and a single RGS core domain. It
has GAP activity towards both Gi and Gq proteins when tested in vitro and in vivo[13, 14].
Its amino terminal sequence contains an N-degron degradation signal which targets the
protein for proteasomal degradation [16]. RGS4 mRNA expression is present in both the
cortex and the medulla, however the inner and outer medulla of the human kidney have
relatively increased levels of expression [21].

Calcineurin inhibitors (CNI) are powerful immunomodulatory agents that are used by 98%
of renal transplant recipients [17] to prevent transplant rejection, but often cause marked
renal dysfunction[18]. Several hypotheses seek to explain the mechanism of acute
cyclosporine toxicity [19], including oxidant stress [20, 21], the renin-angiotensin-
aldosterone system [22], nitric oxide inhibition [23], and enhancement of endogenous
ligands to GPCRs [24].

A longstanding explanation of acute cyclosporine renal toxicity is that cyclosporine-
triggered endothelin-1 release by vascular endothelial cells promotes renal vasoconstriction
and reduced renal blood flow [4, 25, 26]. Albig and Schiemann showed that RGS4
overexpression in endothelial cells prevented endothelin from activating extracellular signal-
regulated kinase (ERK1/2)[27]. Therefore, we proposed that RGS4 might play a critical role
in limiting acute renovascular smooth muscle cell Gq activation after endothelin-1 release
by endothelial cells. To test this model, mice deficient for RGS4 were generated and treated
with cyclosporine. RGS4-deficient mice were highly sensitized to cyclosporine-induced
renal failure and reduced renal blood flow.

Materials and Methods

Targeted disruption of the rgs4 gene

Murine 129/SvJ embryonic stem cells with targeted disruption of one allele of the rgs4 gene
were generated. The details of this procedure are found in the online supplemental data.

Cell culture

Kidneys from rgs4~/~ and congenic wild type control mice were procured after injecting
mice with pentobarbital (0.05 mg/g). Tissue was washed in 10 mM PBS, cut in 2 mm
sections, and plated in endothelial cell media (Cell Applications, Inc., San Diego, CA)
pretreated with endothelin (0.25 pM) (Sigma Aldrich; St. Louis, MO) or cyclosporine (20
pg/mL) (Sigma Aldrich; St. Louis, MO). Tissue was then processed after a 10 minute
incubation time.

Nephrectomy followed by Cyclosporine A and/or Bosentan Treatment in Mice

All research involving the use of mice was performed in strict accordance with protocols
approved by the Animal Studies Committee of Washington University School of Medicine.
At twelve weeks of age, wild type congenic and rgs4~/~ C57/B6 mice were subjected to
unilateral nephrectomy as previously described [28]. After a seven day recovery period,
mice were administered a daily dose of intraperitoneal cyclosporine A (0.25 mg/g/day)[29],
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or cyclosporine + bosentan for seven days. Intraperitoneal cyclosporine dose was
determined by the smallest daily amount needed to achieve renal cortical vasoconstriction.
Bosentan (Actelion Ltd, Switzerland) was administered through the animals’ drinking water
(2.35 mg/mL) to achieve a daily dose of 100 pg/g of body weight [30] based on an average
urine output of 850 microliters per day.

Renal histology and morphometry

Mice were weighed, and kidneys isolated. Tissue was fixed in 10% formalin, paraffin-
embedded, microtome sectioned and stained with hematoxylin and eosin (H&E). Tissue
slices with maximum longitudinal dimension were used to estimate glomerular number.
Separate slices were prepared and stained immunohistochemically with phospho-ERK 1/2
(Thr183/Tyr185) (Abcam Inc.; Cambridge, MA). Tissue cross-sectional areas from medulla
of 4 mice were measured at low power (2.5x) and were calculated on an Axioskop
microscope (Carl Zeiss, Inc., Jena, Germany) using ImageJ (version 1.24) software. Lean
body mass was measured by EchoMRI 3-in-1 (Echo Medical Systems, Houston, TX) at 8
weeks after SIRI.

Gene expression analysis

Gene expression profiles were constructed using the GeneChip® Mouse Genome 430A 2.0
(Affymetrix, Southern Oaks, CA) high density olignouncleotide microarray technique.
mRNA purification and analysis were performed by the Siteman Cancer Center GeneChip
Facility as previously described[31]. Expression signaling was analyzed used Affymetrix
Expression Console Software.

Quantitative real-time RT-PCR analysis on RNA extracted from kidney tissue lysates with
Trizol reagent (Invitrogen Corp, Carlsbad, California) was carried out with the Tagman
master mix kit (Applied Biosystems, Foster City, California) using RGS4 oligonulceotide
primers (SABiosciences Corp., Frederick, MD) according to the manufacturer’s
specifications. The measured abundances of RGS4 mRNA were normalized to GAPDH in
each sample as an internal loading control.

Protein analysis

Cytosolic protein lysates from kidney tissue were obtained as previously described[32]. In
brief, tissue was harvested from mice, and lysates were processed in the presence of protein
lysis buffer. Once processed, protein bound to nitrocellulose filters were washed and
incubated with murine monoclonal anti-phospho-p44/42 (Thr202/Tyr204) and anti-total-
p44/42 (Cell Signaling Technology, Inc., Beverly, MA). Bands were visualized by use of the
ECL system (Amersham). Densitometry was performed using Image J software v1.24.

Vascular flow measurements

Transthoracic echocardiography and renal artery doppler sonography was performed in mice
using a VEVO-770TTM Micro-Imaging System (Visual Sonic, Toronto, Ontario) equipped
with a 15 MHz transducer. Prior to the imaging experiments, mice were anesthetized with
isoflurane and were maintained on isoflurane/O, (1-1.25 % v/v) throughout data collection.
The sonographer was blinded in all cases to the transgenic status of the mice. 10 consecutive
waveforms were averaged to obtain a mean systolic velocity for each animal.

Renal artery blood velocity was measured using an Advanced Laser Flowmeter 21 (ALF21,
ADVANCE Co., Tokyo, Japan). Mice were anesthetized with a mixture of xylazine (16 mg/
kg) and ketamine (0.080 mg/g). A sham procedure was performed exposing the right kidney
but maintaining its blood supply. The flow meter probe was applied directly to the renal
artery and then to the hilum.
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A volume pressure recording (VPR) device (Kent Scientific Corp., Torrington, CT) was
used for tail cuff blood pressure measurements of mice at baseline. Mice were trained for
two days immediately followed by measurements on day three. Mice were constrained in an
adjustable plexiglass tube provided as a part of the VPR apparatus. A heating pad was
placed under the tube to maintain a constant temperature between 31-33C°. Five training
cycles were followed by five measurement cycles and then averaged.

Magnetic resonance imaging of renal blood flow in mice

MR images were collected using a dedicated small-animal MR scanner built around a 4.7
tesla, 40-cm bore magnet and interfaced with a Varian INOVA console. A home-built,
actively decoupled volume coil (transmit)/surface coil (receive) pair were used for all image
acquisitions. Prior to the imaging experiments, mice were anesthetized with isoflurane and
were maintained on isoflurane/O, (1-1.25 % v/v) throughout data collection. Animal core-
body temperature was maintained at 37 +1 °C via a heating pad formed with circulating
warm water. Dynamic contrast enhanced (DCE) MRI [33, 34] data were collected using a
T1-weighted, gradient spoiled, multi-slice gradient-echo sequence. Further details of this
procedure are found in the online supplemental data.

Quantitation of body fluid constituents

Levels of whole blood hemoglobin and serum blood urea nitrogen were measured in the
Department of Comparative Medicine Diagnostic Laboratory at Washington University
School of Medicine. Because of the imprecision of the Jaffe method in measuring mouse
serum creatinine we collaborated with Satish Ramachandrarao at University of California,
San Diego, California, to perform serum creatinine by HPLC as previously described [28,
35].

Cyclosporine trough levels were measured with the automated Dimension® RxL Max®
clinical chemistry system from Siemens. Healthcare Diagnostics, Ltd. using an
immunoassay technique. The assay was performed using a Flex ® reagent cartridge. Each
sample of whole blood lysate was processed with the Dimension ® system platform.

Statistical analysis

Results

All data are presented as mean values * standard error of the mean. Static group analysis
was performed with SigmaStat® 3.1 (Systat Software, Inc., San Jose, CA). Statistical
relationships were determined by the student’s T-test where significance was achieved when
a population’s mean value was separated from controls by two or more standard deviations
(p = 0.05). All p-values calculated were two-sided. One-way ANOVA analysis was used in
comparisons of greater than 2 groups, and Holm-Sidak pairwise comparisons were
calculated between groups. Kaplan Meier survival curves and Mantel Cox log-rank analysis
was performed with SPSS v13.0 (SPSS Inc., Chicago, IL). Pearson’s correlation coefficient
was performed on signal intensities generated from two separate gene expression
microarrays. The Bootstrap algorithm for error estimation of gene expression microarray
data [36] was performed using the Wessa.Net server version 1.1.23-r4.

To generate mice deficient for RGS4 we created a genetic construct that eliminated exons 3—
5 of the rgs4 gene, encoding the RGS box (Suppl. Fig. 1). Rgs4~/~ mice appeared normal at
birth and were fertile. Mating of rgs4*/~ heterozygotes yielded live-born homozygotes with
Mendelian frequencies. Analysis of rgs4~'~ mice in the absence of provocative stimulation
demonstrated that these animals had comparable physiologic parameters. Normalized kidney
weight was equal with no evidence of hypertension by noninvasive testing. These findings
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were correlated with equivalent glomerular number. Renal function as estimated by serum
creatinine was nearly identical in in rgs4~/~ and wild type mice (0.106 + 0.002 mg/dL vs
0.105 £ 0.007 mg/dL, p=0.89). (Suppl. Table 1). Normalized mRNA expression of RGS2,
RGS5, RGS10, RGS12, and RGS16 was not increased in rgs4~'~ mice (Suppl. Fig. 2a,b;
Supplemental Table 2).

Calcineurin inhibitors are among the most commonly used immunomodulatory agents in
transplantation, but they often cause marked renal dysfunction[18]. Specifically,
cyclosporine A (CyA) causes acute renal injury due to decreased intrarenal blood flow [4,
25, 26]. Chronic injury mimics this mode of injury with histologic changes consistent with
long term hypoxic injury described as striped fibrosis[37]. To determine whether rgs4 =/~
mice were sensitized to cyclosporine-mediated renal injury, we subjected animals to
unilateral nephrectomy followed one week later by treatment with CyA. Congenic wild type
control mice developed renal dysfunction within one week following CyA administration.
By HPLC, serum creatinine increased 108% (0.2201 mg/dL vs. 0.106 mg/dL) (Fig. 1a) and
BUN increased 274% (71 mg/dL) (Fig. 1b) in rgs4 '~ mice versus controls after seven days
of cyclosporine exposure while whole blood cyclosporine levels were equivalent between
groups (Suppl. Fig. 3). Furthermore, there was no evidence that rgs4~~ mice metabolized
cyclosporine less efficiently than congenic controls (Suppl. Fig. 4). Serum creatinine by
HPLC approximates serum creatinine by the Jaffe method using a correction factor of 3.125.
The Jaffe-equivalent measure in rgs4 '~ given cyclosporine mice was 0.688 + 0.044 mg/
dL[35]. Disruption of the apical membrane of proximal tubular cells, indicative of acute
tubular necrosis, was seen by light microscopy and electron microscopy (Fig. 2a,b). Renal
artery blood flow to the kidney was decreased in cyclosporine-treated mice as measured by
noninvasive Doppler sonography (Suppl. Fig. 5a,b), further implicating CyA exposure in the
development of acute tubular necrosis. Noninvasive measurements could not differentiate
the decrease in blood flow between rgs4~/~ and controls, however, rgs4 '~ mice had a
decreased average renal artery flow velocity compared to congenic wild type control
animals using invasive monitoring techniques (Suppl. Fig. 6). Smaller intrarenal vascular
substructures could not be interrogated due to the limitations of current modalities of
measuring in vivo renal blood flow.

To determine whether rgs4~/~ mice developed more profound regional intrarenal
vasoconstriction after CyA treatment, dynamic-contrast enhanced magnetic resonance
imaging (DCE-MRI) [34, 38, 39] was used to quantitatively measure the uptake and
clearance kinetics of a low molecular weight, Gadolinium-based MR contrast agent (CA).
High-resolution, T1-weighted kidney images allowed clear visualization of the cortex,
medulla, and renal pelvis together with accompanying intrarenal vasculature (Fig. 3).
Selected images from the DCE time course and complete plots of adjusted signal intensity
versus time allowed the CA kinetics to be accurately measured. A 42% decrease in blood
flow was identified in the renal cortex (Fig. 4a, 5a). In contrast to congenic wild type
controls, IAUCg decreased by 62% in the medulla of CyA-treated rgs4 '~ mice, indicative
of a significant decrease in regional blood flow (Fig. 4b, 5b). Blood flow was restored to
both the medulla and the cortex with the coadministration of bosentan (5a, 5b).
Cyclosporine’s specific ability to activate an RGS-dependent signal transduction pathway is
supported by the amelioration of its deleterious effect by administration of the endothelin
receptor antagonist bosentan.

The ability of bosentan to reduce cyclosporine-mediated renal toxicity may be due to altered
cyclosporine blood levels. To investigate this possibility, rgs4~'~ mice were given escalating
doses of cyclosporine with bosentan (100ug/g/d) (see Suppl. Fig. 7). Cyclosporine blood
levels increased with higher doses of cyclosporine and were not affected by
coadministration of bosentan.
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Mice were next observed for a month while being treated with cyclosporine. Rgs4~/~ mice
exhibited significantly reduced survival in response to treatment with CyA when compared
to congenic wild type control mice (Fig. 6). The mean survival time was 25 days for
congenic wild type control mice in response to CyA administration, but rgs4~/~ mice had a
mean survival time of only 9 days (Mantel-Cox log rank test, p= 0.002). rgs4~/~ mice
coadministered cyclosporine and bosentan exhibited a significantly increased survival rate
compared to rgs4~/~ mice given cyclosporine alone.

CyA renal toxicity is thought to be due to the action of endothelin-1. Given the reduced
intrarenal blood flow observed in CyA-treated rgs4 '~ mice, we hypothesized that the
absence of RGS4 protein would sensitize kidney to CyA- and endothelin-1-stimulated
intracellular signal transduction. Sections of freshly obtained rgs4 '~ and wild type congenic
kidneys were treated in vitro with CyA or endothelin-1 for 10 minutes and processed for
immunoblotting with an anti-phospho-ERK1/2 primary antibody. rgs4~'~ kidney slices
exhibited markedly increased ERK activation in response to endothelin-1 (Fig. 7a,c).
Similarly, rgs4~~ kidney slices exposed to CyA for 10 minutes showed increased ERK
activation (Fig. 7b,d). In vivo experiments demonstrated that ERK activation was increased
in the kidneys of rgs4~'~ mice treated with cyclosporine for 1 week (Fig. 8a,b).
Interestingly, RGS4 mRNA levels rose by 1.75-fold in wild type congenic kidneys after 7
days of CyA treatment (Fig 8c).

Rgs4~/~ kidneys were sensitized to CyA-mediated reduction in renal blood flow and were
also sensitized to endothelin-1 mediated ERK activation. Given that CyA-mediated acute
renal toxicity correlates with increased endothelin-1 release, and that bosentan is a widely
used ET-A/B receptor antagonist, mice were treated with this agent. Administration of
bosentan to rgs4~/~ mice abrogated the effect of CyA on blood perfusion in the kidney (Fig.
4a, 4b, 5a, 5b) and ERK phosphorylation decreased to pre-cyclosporine levels in bosentan-
treated animals (Fig. 8a,b).

Discussion

Calcineurin inhibitors are the most commonly used immunosuppressive agents in the
prevention of solid organ transplant rejection [17], but cause progressive renal toxicity [40,
41]. CNI nephrotoxicity is in part due to endothelin-1 release by vascular endothelial cells
promoting renal vasoconstriction and reduction in renal blood flow. The mechanism by
which cyclosporine causes endothelin-1 release is unclear. Although cyclosporine directly
binds to L-type calcium channels in vitro [42], the secondary release of endothelin-1
stimulates Gq signaling that results in inositol triphosphate binding to L-type calcium
channels [43]. Therefore the direct link between calcineurin inhibition and elevated
sarcoplasmic calcium levels is contested [44]. However, after endothelin-1 is released
acutely, cyclosporine initiates a maintenance phase of endothelin release and upregulation of
endothelin gene expression. Marsen and colleagues determined that both cyclosporine and
tacrolimus promote the transcription of preproendothelin-1 mRNA in human vascular
endothelial cells [45].

In this work, we described for the first time, the in vivo vasoactive effects of cyclosporine A
in a minimally invasive mouse model. Because the compact size of the mouse model system
is more difficult to analyze than larger mammals, innovative methods are needed to analyze
mouse renal and renovascular physiology in a reproducible manner. These adaptations are
vital for the translation of animal studies to human therapy.

We hypothesized that RGS4 plays a key role in regulating renal vascular resistance through
modulation of Gq activation. We found that rgs4 '~ mice were uniquely susceptible to a
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reduction in renal medullary blood flow mediated by cyclosporine. Previous studies by Lee
et al, Mazzali et al, and Neria et al [29, 46, 47] could not demonstrate an increase in serum
creatinine after exposure to cyclosporine and therefore relied predominantly on histologic
markers of renal injury. In this study, we showed that rgs4~~ mice had a 108% increase in
serum creatinine and 274% increase in BUN compared to congenic controls after both
groups were exposed to cyclosporine for one week. These results link RGS4 deficiency and
a susceptibility to renal failure.

The specificity of cyclosporine’s action through the G-protein signaling cascade was
demonstrated when bosentan, an endothelin A/B receptor antagonist, prevented the
deleterious effect of cyclosporine on renal function. We also found that endothelin-1-
mediated activation of ERK was enhanced in rgs4~/~ kidney. This result follows the
previous findings of Albig et al who showed that in vitro overexpression of RGS4 prevented
ERK activation in the presence of endothelin- 1[27]. These results establish that RGS4 is a
key regulator of endothelin-1 action in the kidney, probably via effects on Gq.

The use of bosentan in transplantation is relatively contraindicated because of increased
hypotension when coadministered with cyclosporine A. Only one human study to date by
Binet et al has evaluated the renal hemodynamic effects of endothelin receptor antagonists
on calcineurin inhibitors [48]. Binet et al reported a mean systolic/diastolic blood pressure of
135 £ 6 / 80+ 4 mmHg in seven patients given cyclosporine A alone which was comparable
to internal controls given cyclosporine A and bosentan (136 + 8/ 80+ 7 mmHg). Limited
animal studies remain unclear [49, 50]. Further studies are needed to delineate the
potentional hypotensive effects of calcineurin inhibitors when used in combination with
endothelin receptor antagonists.

Our MRI results showed that CyA-treated rgs4~/~ kidneys exhibited a greater decrease in
signal intensity in the renal medulla than in the renal cortex, suggesting that RGS4
modulates vasoconstriction proximal to the vascular network of the medulla. Studies of CyA
thus far have investigated the ligands responsible for initiating the intracellular signaling
cascade that leads to smooth muscle vasoconstriction in the kidney [49, 51-54]. Lanese and
colleagues were the first to show that cyclosporine was specific to the endothelin ligand [4].
In our current study we describe a specific intracellular pathway that is activated by
cyclosporine, and directs future studies to targeted inhibition of the G-protein signaling
system or promotion of the inhibitory activities of RGS4.

To study the vasoconstrictive properties of cyclosporine we used a novel DCE-MRI, and
were able to describe, in detail, contrast-agent uptake and clearance Kinetics in the mouse
kidney. Our studies focused on monitoring the regionalized effects of CyA treatment. These
observed changes in CA kinetics following treatment with CyA reflect physiologic changes
in the kidney that are consistent with a stepwise reduction of renal blood flow in the cortex
and the medulla. While microbead radioisotope methods remain the gold standard for
measuring end-organ perfusion [55, 56], these methods can not be applied in vivo.
Measuring alteration of organ blood flow with microbeads is limited by the need for post
mortem tissue preparation. MR methods are non-invasive, enabling longitudinal, time-
course studies of blood-flow patterns in response to interventions.

Conclusion

The large number of RGS family members implies that there is specific requirement for
particular members in various cell types and organ systems. The role of RGS proteins in the
management of renal vascular insult is not well understood. In this work, we demonstrated
that RGS4 plays a specific role in modulating renal insults that occur as a consequence of
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overstimulation of the Gq signaling pathway. Increasing RGS4 protein levels by inhibiting
proteasomal degradation or increasing activity through in the kidney may be therapeutically
beneficial for patients with renal dysfunction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Increased renal injury in rgs4~/~ mice treated with cyclosporine A. After seven days of
treatment with cyclosporine, (a) serum creatinine (sCr) was measured in rgs4 '~ (RKO+C)
(n=10) and wild type congenic mice (WT+C) (n=10). SCr was increased in RKO+C
compared to other groups by one-way independent ANOVA: F(3,31) = 43.88, composite p
<0.001; WT vs RKO =* (p = 0.89); RKO vs RKO+C = # (p=<0.0001); WT+C vs RKO+C
= (p<0.0001), (b) Blood urea nitrogen (BUN) was increased in RKO+C (n=10) compared
to other groups by one-way independent ANOVA: F(3,35) = 31.12, composite p <0.0001;
WT vs RKO =* (p = 0.89); RKO vs RKO+C = # (p=<0.0001); WT+C vs RKO+C =~
(p<0.0001)
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Figure 2.

Light and electron microscopy of congenic wild type + cyclosporine (WT+C) (n=4) and
rgs4~/~ + cyclosporine(RKO+C) (n=4).(a) The lumenal membrane of proximal tubule cells
is disrupted and intralumenal debris is present in RKO+C (arrows) (magnification 400x).
Scale bar =200 micron. (b) The ciliary brush border on the apical membrane of epithelial
proximal tubule cells (arrows) is also disrupted in RKO+C mice (n=4) compared to WT+C
(n=4) (magnification 7500x). Scale bar = 2 microns.
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Figure 3.

High-resolution, T1-weighted image of a kidney from an rgs4~/~ mouse, allowing clear
visualization of the cortex, medulla, and renal pelvis and the intrarenal vasculature (intense
red pixels).
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Figure 4.

Dynamic-contrast enhanced magnetic resonance imaging (DCE-MRI) data collected
following bolus injection of a low molecular weight, Gd-containing contrast agent (adjusted
signal intensity). Selected images from the (a) cortical and (b) medullary regions of interest
are shown for: (top) a rgs4 '~ mouse(RKO); (middle) a rgs4 '~ mouse treated with
Cyclosporine (RKO+C); (bottom) and a rgs4~/~ mouse treated with Cyclosporine and
bosentan (RKO+C+B). Images were collected 12 s (left panel), 38 s (middle panel) and 90 s
(right panel) post-contrast injection. At the right, in each panel are the complete adjusted
signal intensity vs. time curves for a (a) cortical ROI and (b) medullary ROI for each of
these mice.
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Figure 5.

Average initial area under the curve (IAUCgq) values, computed for the (a) cortical cohorts
of wild-type (WT) (n=6), rgs4~/~ (n=6), Cyclosporine-treated wild-type (WT+C) (n=6),
cyclosporine-treated rgs4 '~ (n=4), and rgs4~/~ + cyclosporine + bosentan mice (n=5).
Decreased rate of agent uptake in the cortex was evident in RKO+C by one-way
independent ANOVA, F(3,61.7) = 5.5 (composite p=0.009). Blood flow was then restored
with bosentan cotreatment comparing RGS4KO + cyclosporine + bosentan (RKO+C+B) to
WT, RKO, and WT+C (One-way independent ANOVA, F(4,21) = 5.48 (composite
p=0.003). WT vs. RKO, p =0.79, * ; RKO vs RKO+C, p = 0.01, # ; RKO vs RKO +C+B,
p=0.10, ~. (b) Medullary cohorts of wild-type (WT) (n=6), rgs4 '~ (n=6), Cyclosporine-
treated wild-type (WT+C) (n=6), cyclosporine-treated rgs4 /= (n=4), and rgs4 /= +
cyclosporine + bosentan mice (n=5), showed a greater decrease in renal medullary blood
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flow than cortical blood flow in rgs4~'~ mice after cyclosporine treatment (RKO+C). (One-
way independent ANOVA, F(4,21) = 13.2.0 (composite p<0.0001). Medullary blood flow
was restored when rgs4~/~ mice were cotreated with bosentan. WT vs. RKO, p=0.49, * ;
RKO vs. RKO +C, p =0.0001, # ; RKO vs RKO+C+B, p=0.11, ".
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Figure 6.

Increased mortality after daily cyclosporine treatment in rgs4~~ mice (n=6) versus congenic
wild type controls (n=6) treated with cyclosporine and rgs4 '~ coadministered cyclosporine
and bosentan (n=7). Survival with daily cyclosporine A treatment was monitored for 30 days
(Mantel-Cox log rank test p=0.002).
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Figure 7.

In vitro and in vivo modulation of MAPK signaling in rgs4~/~ after endothelin, or
cyclosporine A treatment. Increased ERK1/2 activation in rgs4~/~ kidney tissue after (a,c)
endothelin-1 treatment (p<0.0001, *) and after (b,d) cyclosporine A treatment (p=0.0003,
#). Kidneys were isolated from rgs4 =/~ (RKO) (n=6) and wild type congenic mice (WT)
(n=6), quickly sliced into 2 mm sections and treated with endothelin-1 (E). Sections were
used to generate protein lysates that were analyzed by anti-phospho-ERK1/2
immunobloting. Membranes were re-probed with an anti-total-ERK1/2 primary antibody to
control for protein loading. Densitometric analysis of immunoreactive bands identified in
Fig. 9 (a,b) was performed using Image J software 1.24.
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Figure 8.

ERK1/2 activation in rgs4~'~ mice induced by cyclosporine A is inhibited after one week of
cotreatment with bosentan. (a) After one week of daily cyclosporine A treatment, WT+C
(n=4), RKO+C (n=4), and RKO+C+B (n=6) kidneys were isolated from wild type congenic
mice rgs4~/~ mice, fixed and embedded. Upper panels, embedded kidney tissue was
analyzed by immunohistochemical staining with anti-phospho-ERK1/2 primary antibodies.
Lower panels, digitized immunohistochemical images were converted to black-white
contrast and analyzed with Image J software (b) to quantify ERK1/2 activation. ANOVA
composite, p = <0.0001; WT+C vs RKO +C, p=0.0006, * ; RKO+C vs RKO+C+B,
p=0<0.0001, #. (c) Increased renal RGS4 mRNA expression in wild type mice treated with
C (n=4) for one week compared to untreated wild type mice. student’s t-test, p=0.0003
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